Summary. Stable carbon isotope ratios of roots and soil organic matter were measured in Curlew Valley, Utah to determine if changes in the relative dominance of two shrub species had occurred in this salt-desert community. Measurements were made on soil cores along transects stretching from monospecifie stands of Ceratoides lanata, a C 3 shrub, to monospecific stands of Atriplex confertifolia, a C 4 shrub. 6a3C values of roots and soil organic matter under Ceratoides cover appeared to be in equilibrium with the current plant community. By contrast, 613C values of roots and soils under A triplex portions of the transects were more negative than would be expected for a C4-dominated community. These results indicate that a change in relative C3/C 4 dominance has occurred, and suggest that the C 4 shrub Atriplex confertifolia is increasing in importance in this salt-desert community.
same in both winterfat and shadscale communities. However, long term studies indicate that communities dominated by shadscale and winterfat are not compositionally stable (Stewart et al. 1940; Hutchings and Stewart 1953; Holmgren and Hutchings 1972; Norton 1978) . While the instability observed in many of these studies was caused by grazing, changes in the relative abundances of shadscale and winterfat have been observed in ungrazed areas as well (Holmgren and Hutchings 1972) .
The natural difference in the stable carbon isotope composition of C 3 and C 4 plants provides an opportunity for assessing the "long-term" compositional stability of the salt-desert shrub ecosystem. During photosynthesis, C 4 plants discriminate less against 13CO2 than C 3 plants (Vogel 1980; O'Leary 1981) . The result of this fractionation of stable carbon isotopes during photosynthesis is a characteristic carbon isotope ratio (expressed as 613C) in the plant tissue which serves as an effective marker for the occurrence of C 3 and C 4 photosynthesis. The 613C values of C 3 plants are between -23 and -34%0 with an average of -26%0, whereas C 4 plants range from -9 to -17%o and average -12%o (Smith and Epstein 1971) . Thus, the average difference in 613C between C 3 and C 4 plants is approximately 14%o.
This difference in stable carbon isotope ratios between photosynthetic types can be used to quantify the proportion of C 3 and C 4 species contributing to a mixture of plant material (Ludlow et al. 1976; Ode et al. 1980) . The 613C value of soil organic matter should also reflect the relative importance of C 3 and C 4 plants in the community. Theoretically, the 613C value of the soil organic matter should be identical to the existing vegetation at a site if: 1)the existing vegetation has remained unchanged for a period of time equal to that of the oldest carbon in the soil profile, 2) the 613C value of atmospheric CO 2 has remained constant through time, 3) no fractionation of carbon isotopes has taken place in the soil as a result of either decomposition processes or differential preservation of plant biochemicals. If assumption 2 and 3 hold true and there is a difference in the 613C value between the soil and the vegetation, then in all likelihood there has been some degree of compositional change in the C3/C 4 biomass of the community.
The assumption that the 613C value of atmospheric CO 2 has remained constant over time is difficult to verify directly. However, some circumstantial evidence is available. For example, carbon isotope ratios of coal derived from terrestrial plants are similar to those of modern day C 3 plants (Galimov 1976; Deines 1980) . C 3 and C 4 grass cuticles from the early Pliocene (~15mya) were found to have fi13C values of -24.6%o and -13.7%o, respectively (Nambudiri et al. 1978) . Similarly, the c~3C value of a specimen of Atriplex confertifolia more than 14,000 years old (-13.4%o ) is close to present day values (-14.8%o) (Troughton et al. 1974b) . Since plant fi13C values depend on the filaC values of the source CO 2 available for fixation during photosynthesis , these data suggest that the c~13C value of atmospheric CO z has not changed by more than 1 or 2%o since the Mesozoic or earlier.
Fractionation of carbon isotopes during decomposition of plant material in the soil has received little attention thus far. 613C values of organic matter from mineral soils tend to become enriched in carbon-13 by 1-3%o with age and increasing depth in the soil profile, suggesting a slight fractionation during decomposition (Troughton etal. 1974a; Stout etal. 1975; Goh et al. 1976 Goh et al. , 1977 O'Brien and Stout 1978; Stout and Rafter 1978; Schleser and Pohling 1980; Schleser and Bertram 1981; O'Brien et al. 1981; Stout et al. 1981 ). This fractionation is probably a result of microbial metabolism. It has been repeatedly demonstrated that microorganisms utilize ~2C in preference to 13C, leading to slight ~ 3C enrichment of the residual organic substrate (Rosenfeld and Silverman 1959; Kaplan and Rittenberg 1964) . In addition, inorganic decomposition of marine sediments has also been shown to cause ~3C enrichment in organic matter (Sackett and Thompson 1963) . Thus, metabolic and inorganic processes occurring in the soil may be responsible for the small fractionations noted in soil organic matter.
By contrast, there appears to be little fractionation in soils where decomposition is restricted, such as peats and New Zealand Agathis forest soils (Stout et al. 1975; Stout et al. 1981) . Based on available evidence, there seems to be a pattern of little or no isotope fractionation in soils where decomposition is restricted and undecomposed plant material accumulates, and small but significant 13C enrichment of organic matter in mineral soils where decomposition is relatively rapid (Troughton et al. 1974a; Stout and Rafter 1978) . However, the magnitude of this soil related fractionation is not large enough to mask gross changes in C 3 and C 4 vegetation types, provided the change in vegetation has not occurred so long ago to have been obscured by the build-up of organic material from the current community.
Differential decomposition of plant biochemical fractions in the soil could alter the isotopic composition of the parent material, since different biochemical fractions such as starch, cellulose, lipids, etc. can have different fi13C values (Park and Epstein 1960; Smith and Benedict 1974) . However, these studies show that most biochemical fractions differ from whole plant values by only 1-3%o in isotopic composition. The major exception is plant lipid which is consistently 5-10%o more depleted in ~3C than whole-plant material (Park and Epstein 1960; Smith and Epstein 1971 ; Smith and Benedict 1974) . Differential preservation of plant lipids is unlikely in the majority of normal, well-drained soils, since most lipids decompose within one year under aerobic conditions (Waksman and Stevens 1929; Lukoshko 1965) .
In summary, available evidence suggests that the carbon isotopic composition of atmospheric CO2 has not changed appreciably in recent time, and that carbon isotope fractionation occurring during decomposition in the soil is small. Therefore, given the time limits imposed by the turnover rates of soil organic carbon, it should be possible to determine whether or not a change in the relative proportions of C 3 and C 4 plants has occurred by measuring the carbon isotope composition of the current plant community and soil organic matter. The turnover time of organic carbon in the soil of interest will ultimately determine the length of time within which a change in community composition can be detected. While radiocarbon ages of modern soil organic matter are frequently on the order of several thousand years, studies on soil respiration rates and decompositon of labelled plant material indicate mean ages of a few hundred years for soil organic matter (O'Brien et al. 1981) . Since it is impossible to reconcile these differences at the present time, it is not clear how long a change in the C3-C 4 composition of a plant community will remain detectable in the isotopic composition of soil organic carbon.
Few studies have attempted to use stable carbon isotope ratios of soil organic matter to assess plant community changes. Hendy et al. (1972) studied the 14C and 13C content of organic matter in an Australian soil and found that the c~13C values increased significantly between 14,000 and 9,000 years ago. They interpreted these data as indicating a change in vegetation from either a temperate forest (C3) or temperate grassland (C3) to a subtropical grassland (C4). This change to a C 4 dominated ecosystem was found to correspond with a worldwide warming trend 11,000 years ago. Krishnamurthy et al. (1982) measured the isotopic composition of organic matter in paleosols from Kashmir, India and found isotopic evidence for a change from C, vegetation existing under arid conditions ~ 31,000 years ago to C 3 dominated vegetation existing under relatively more humid conditions ~ 19,000 years ago.
613C values of soil organic matter from preliminary cores taken in Curlew Valley, Utah revealed that significant differences existed between the isotopic composition of soil organic matter and the current community vegetation, suggesting that either Ceratoides or Atriplex was increasing in relative importance. Since previous ecological studies have indicated that this plant community type may be in a state of change (Stewart et al. 1940; Hutchings and Stewart 1953; Holmgren and Hutchings 1972; Norton 1978) , the present study was initiated in an attempt to assess the long-term stability of the Atriplex-Ceratoides salt desert shrub community through the use of stable carbon isotope ratios of soil organic matter.
Methods

Study area
The study site is located in Curlew Valley, Utah (41~ 113 ~ 5' W.) at an elevation of 1,350 m. This broad, lacustrine valley extends northward from the northernmost extent of the Great Salt Lake and was largely inundated by the waters of Lake Bonneville during the last pluvial of the Pleistocene era. Valley soils are generally homogeneous and vary in texture from silt loam to sandy loam. Soil profiles are of the Thiokol Series, a fine silty mixed mesic family of Xerollic Calciorthids (Skujins and West 1973) . The soils are highly calcareous in nature with carbonates comprising 10-25% of the soil by weight. Chemical and physical prop- (Gates et al. 1956; Mitchell et al. 1966 ) and do not differ significantly between Atriplex and Ceratoides stands.
This site was chosen because it represents typical saltdesert shrub-land with Atriplex confertifolia and Ceratoides lanata as dominants. Both of the dominant shrubs commonly occur in nearly monospecific stands at the site and as such present an ideal opportunity for soil carbon isotope study. The climate of the area is typical of that found throughout lowland valleys of the Intermountain West and has been summarized elsewhere (Caldwell et al. 1977) .
Curlew Valley has been grazed, principally by sheep, for about 100 years. It is currently grazed by both sheep and cattle. The actual study site, however, is located within an enclosure and has not been grazed since 1967 (Rice and Westoby 1978) . Prior to that the study area was used as lambing grounds. For a detailed review of the grazing history of the area see Rice and Westoby (1978) .
Transects
In the summer of 1977 three transects were laid out in areas where the ecotone between adjacent stands of shadscale and winterfat was abrupt and where disturbance, as indicated by the presence of two exotic annuals, Bromus tectorum and Halogeton glomeratus, was minimal, the transects were 25-35 m in length and stretched from well within the 'pure' winterfat stands, across the ecotone and into the 'pure' shadscale stands. In addition to the 17 cores from the three transects, three supplementary cores were taken. Cores El and E2 represent extensions of the transects 50 m and 100 m further into the winterfat stand. Core 27 was located about 500 m west of the transects in a region where dominance by shadscale is best developed. Locations of the transects and other sampling points in relation to vegetation are shown in Fig. i . Plant cover along the transects was determined by the line-intercept method.
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The soil and litter layer were sampled at regular intervals along the transect. After removing and bagging the litter, the soil was sampled with a 8.5-cm diameter soil auger to a depth of 45 cm. The cores were subdivided into three 15-cm segments representing the 0-15 cm, 15-30 cm, and 30-35 cm soil depths. The three supplementary cores were sampled as above except to 100 cm depth. In all, 18 cores representing 62 samples were taken.
Sample preparation
Soil and litter samples were oven dried at 70 C. Dry soil and litter samples were shaken on a series of sieves of decreasing diameter to remove roots and other visible debris. Larger plant fragments (mostly roots) were manually removed from the sieves and smaller fragments were removed by flotation in ZnC12 solution (density=l.8). Separated plant fragments were washed successively with 0.1 N HC1 and distilled water, then collected by filtration. This undecomposed organic matter, which was largely roots, and the litter samples were oven dried at 70 C and ground into a fine powder with a pica-mill blender (Pitchford Industries) for mass spectrometric analysis.
Soil passing through the smallest sieve (diameter= 0.127 mm) was collected and wet-extracted in saturated NaC1 solutions (Fernandez and Caldwell 1975) until no debris was found floating on the surface. The soil was then washed several times to remove excess salt and oven dried at 70 C. Microscopic examination of soils at this point revealed that the samples were clear of any undecomposed material.
A 50 g subsample of root-free soil was acid-washed in dilute (0.1-05 N)HC1 to remove carbonates. Because of the high percentage of carbonates in these soils, decalcification was not considered complete until the soil solution reached a stable pH for 24 h. Decalcified soils were subsequently washed three times in distilled water, centrifuged, and oven dried at 70 C. A small subsample (0.3-0.5 g) of decalcified, root-free soil was used for mass spectrometric determination.
Humate fractionation
Approximately 40 g of previously decalcified, root-free soil was intermittently shaken for 24 h under nitrogen in 200 ml of 0.5 N NaOH. The supernatant was decanted and saved while the residue was again extracted in 200ml of 0.5 N NaOH, this time for 1 h. The supernatant was collected after centfifugation and the residue washed in distilled water. Following centrifugation the supernatant was collected and pooled with the other two supernatants. The residue was oven-dried at 70 C and represented the humin fraction. The supernatant was adjusted to pH 1 with concentrated HC1 followed by centrifugation at 10,000 g. The supernatant was decanted and dialyzed against distilled water in dialysis tubing (Spectrapor Co., MWCO=2000) for seven days and then oven-dried at 70 C to recover the fulvic acid fraction of soil humic material. The acid precipitate was purified by redissolving in NaOH and reprecipitating with HC1 followed by centrifugation. This purification procedure was repeated and the precipitate was oven-dried at 70 C to give the humic acid fraction of soil humic material. 
Mass spectrometry
Combustion of samples to CO z for mass spectrometric analysis was carried out according to the procedures outlined by Smith (1976) . Results are expressed in standard 613C notation where dx3C%o=FRsample-l~ xI03 L Rstandard A and R = mass 45/mass 44 of sample or standard CO 2 (Craig 1957) . All samples are reported relative to the international PDB standard.
Results
Shadscale and winterfat accounted for 84%, 98%, and 98% of all plant cover on transects 1-3, respectively. Actual groundcover was 34%, 39%, and 38% on transects 1-3, respectively. Therefore, nearly all the organic matter accumulated by this plant community should be attributable to shadscale and winterfat. fit3C values of live winterfat leaves were found to be -25.3%o, while live shadscale leaves were -13.0%o. These values are well within the ranges of 613C values for C 3 and C 4 plants.
Stable carbon isotope ratios of litter, roots, and soil organic matter are shown in Table 1 . Isotope ratios for litter and roots in the winterfat areas were similar to values for live winterfat leaves. For example, core # 1 on transect # 1 had a litter value of -23.5%0, while roots from the same core averaged -24.3%0 (Table 1) . Similar values for roots and litter were seen along the winterfat portions of all three transects. However, soil organic matter was approximately 3%~ more positive than the root values in the winterfat areas (Table 1 ). In addition, soil organic matter increased slightly in 13C content with depth in the soil profile, generally by about 1%o from the 0-15cm to the 30~45 cm layer. This trend towards more positive soil 613C values with depth was consistent in all cores on the three transects. No corresponding trends in root 613C values with respect to depth in profile were found along the winterfat portions of the three transects.
Since fi~3C values of root and soils varied by only about 1%o within most cores, mean values were computed for these categories and summarized graphically in relation to relative plant cover in Fig. 2 . fi~3C values of litter, roots, and soil organic matter became less negative in moving from cores at the winterfat ends of the transects to cores in the shadscale zone (Fig. 2) . Despite the fact that each transect stretched well into the shadscale zone, none of the fit3C Although filaC values of litter, roots, and soils did increase towards the shadscale region on all three transects, the increase is insufficient to support the notion that there has been persistent 100% dominance by C 4 plants as the cover data indicates, implying that shadscale may be encroaching on the winterfat community.
Supplementary cores E1 and E2 were taken deep within the winterfat stand, while core 27 was taken in the midst of the shadscale stand (Fig. 1) . 613C values for roots and soils from E1 and E2 were similar to transect cores under winterfat to a depth of 45 cm (Table 2) . Soil organic matter from 45-100 cm in the profile had higher fia3C values, however, than the samples nearer to the surface. The 3~3C values of the two 75-100 cm soil samples were 3.3~o and 2.1~o more positive than the 0-15 cm samples in the same cores ( Table 2) . As in the transect cores, there was no corresponding increase in the fil 3 C values of the roots with depth in the soil profile. Again, in agreement with transect data, soil organic matter was 3~4%o more enriched in 13C than the roots and litter.
Core 27, as examination of root fi13C values indicates (Table 2) , was located in an area of complete dominance by shadscale. As a result, soil 613C values are higher here than at any other sampling location. The average soil c~3C value for this core was -17.4%o and suggests that on the order of 65% of the soil carbon is derived from C 4 sources. The trend for the samples at 45-100 cm depth is opposite that from cores E1 and E2, i.e., the fi13C values for soils became more negative with depth here. Root c~13C values were relatively constant with depth and averaged -11.6%o (Table 2 ). In contrast to the cores under winterfat dominated areas, soil fi~3C values are 5-7%0 more negative than the roots.
The results of isotopic analysis on soil organic matter fractions from two cores are given in Table 3 . The samples analyzed were from the number one cores of transects 2 and 3. Substantial differences were found between these fractions. In all cases fulvic acid yielded the highest 613C values, humic acid was lowest, and humin was always intermediate. Since 80-90% of the soil organic carbon remained in the humin fraction following extraction, its isotope ratio was quite similar to that of total soil organic carbon. Humic acid had fil 3 C values nearest 6 a 3C values of parent material, i.e. litter and roots.
Discussion
In this study 6~3C values of soil organic carbon are used as a measure of past C3/C 4 dominance in a salt-desert community. But the 6a3C value does not reflect dominance in the physical sense of occupation of space or soil volume; rather, it reflects dominance in the more dynamic sense of productivity. That is, the 613C value is an estimate of the relative C3/C 4 productivity integrated over a long period at a particular location. This is an important distinction because relative long-term productivity may not necessarily be directly comparable with static community parameters such as relative percent cover, relative biomass, or even 6~3C value of roots, unless the productivities of the species under consideration are comparable. However, since the annual productivity of shadscale and winterfat is very similar both above and below ground (Caldwell et al. 1977) , root and litter 6~3C values should be a reliable index of relative C3/C 4 biomass. Precise interpretation of carbon isotope ratios of soil organic matter is also dependent on a proper understanding of the organic carbon cycle. This analysis assumes that the organic matter pools deriving from these two species turnover at the same rate. Yet, these turnover rates can only be surmised. Rates of decomposition of aboveground plant litter differ between these species since Atriplex has more heavy woody tissues (Bjerregaard et al. 1984) . However, over 75% of the annual production of both species is belowground and nearly all of this is in the form of fine roots (Caldwell et al. 1977) . There is no reason to assume that the decomposition rates of the fine roots nor the turnover of the subsequent organic matter pools themselves differ substantially between these species. Nevertheless, this remains as an unknown potential confoundment in this study.
The 6~3C values of parent plant material (litter and roots) differed from 613C values of soil organic matter by a nearly constant magnitude in cores under winterfat cover. This uniform difference of approximately 3.0%0 was also found 100 m away from the transects in cores El and E2 located deep in the winterfat zone. Such a consistent difference between parent material and soil organic matter would suggest a long-term stability in the soil organic carbon cycle within the winterfat portion of this plant community. Although differences of ~4% o between source plant material and soil organic matter located deep in the soil profile (e.g. > 100 cm) have frequently been reported (Troughton et al. 1974a; Stout et al. 1975; Goh et al. 1976 Goh et al. , 1977 O'Brien and Stout 1978; Stout and Rafter 1978; Schleser and Pohling 1980; Schleser and Bertram 1981; O'Brien et al. 1981 ), a 34%~ difference between the current vegetation and organic matter in the upper 30 cm of the soil profile has not been observed previously.
613C values of soil organic matter increased with depth in the soil profile in all cores except supplementary core 27. This increase averaged about 1%o between the surface and 45 cm in the profile. In supplementary cores E1 and E2, which were sampled to 100 cm, differences between the top and bottom of the profiles were 3.3%o and 2.1%o, respectively. It is important to note that the fi~3C values of roots do not increase with depth in the profile, so the increase with depth observed in the organic matter is not a function of a change in the 6~3C of the source material with depth.
This increase in ~13C of soil carbon with depth has been found in early all studies of carbon isotopes in soils (Troughton et al. 1974a; Stout et al. 1975; Gob et al. 1976 Gob et al. , 1977 O'Brien and Stout 1978; Stout and Rafter 1978; Schleser and Pohling 1980; Schleser and Bertram 1981; O'Brien et al. 1981) , and exceptions to this general pattern appear to occur only in soils with restricted decomposition. In most cases, investigators have assumed that the current vegetation in their study areas has existed for a length of time sufficient for the vegetation-soil organic matter system to be in steady-state, and that the increase in fi13C of soil carbon with depth is a result of microbial decomposition processes. Since radiocarbon age of soil organic matter increases with depth in most soils (Scharpenseel 1972; Scharpenseel and Schiffmann 1977; Stout et al. 1981 ) the extent to which organic matter has been decomposed should also increase with depth. If decomposition processes do cause an enrichment of 13C in organic matter, then this would account for the increase in c~13C with depth. fi13C values from cores beneath areas covered partially or entirely by shadscale do not show the same trends discussed above. In particular, the difference in 6~3C between soil organic matter and roots generally becomes much less than 3%0. This change is caused by a progressive increase in the c~13C values of roots as shadscale becomes the dominant cover along the transects, although a slight increase in the 613C values of the soils can be seen as well.
Despite the fact that some cores along the three transects were taken in areas of 100% shadscale cover, none of the ~3C values of either roots or soils indicated total shadscale dominance. These results indicate the presence ofundecomposed C 3 roots and C3-derived soil organic matter. Due to the near absence of other species in the study area, this C 3 material most likely orginated from winterfat. These trends, particularly the persistence of C 3 roots in shadscale dominated areas, indicate a very recent arrival of shadscale along the three transects examined.
Supplementary core 27 in the interior of the shadscale community had root 613C values indicating total C4 dominance (average fi13C = -11.6%o). Soil organic matter from this core, however, had fi13C values more negative than the roots (average=-17.4%o), indicating a C 3 source for some of the soil carbon. Thus, the root data indicate that shadscale is clearly the dominant source of soil carbon at the present, but the organic matter c~3C values suggest that in this particular location, shadscale has invaded an area previously occupied by a C 3 plant community. Assuming that the soil carbon in core 27 is older towards the bottom, as found in other soils (Scharpenseel and Schiffmann 1977) , the isotope ratios of the soil organic matter indicate a greater contribution from C 3 sources towards the older bottom of the profile, further supporting the interpretation that shadscale is a more recent arrival.
6~3C values of the organic matter fractions from two cores in the winterfat dominated area increased in the sequence: humic acid < humin < fulvic acid. Nissenbaum and Schallinger (1974) and Goh et al. (1976 Goh et al. ( , 1977 also found that fi~3C values of humic acid were lower than those of fulvic acid. If plant material is fractionated during decomposition, it would be expected that the youngest organic matter fraction would be the closest to the source material in isotopic composition, and that the oldest fraction would be the most enriched in 13C. The average fi~3C value for humic acid from both cores was -23.7%0, which is very close to the -25.3%0 for winterfat carbon. Goh et al. (1977) found that humic acid contained more bomb ~*C than fulvic acid, and concluded that humic acid was therefore the younter of the two fractions. However, these differences in 613C between organic matter fractions may be a function of differences in the 613C values of the original plant constituents from which they were derived, rather than a result of differences in the sequence of formation . If it can be established with certainty that significant differences exist in the relative ages of soil organic fractions, then their 613C values would be important in describing the long term stability of plant communities.
In summary, the stable isotope data obtained in this study indicate that changes in the C3-C 4 composition of the plant community in Curlew Valley, Utah have occurred. More specifically, the presence of soil organic matter derived from C3 plants in areas presently dominated by C 4 vegetation implies that the C~ species Atriplex confertifolia is increasing in importance in this salt-desert plant community. In the absence of data on turnover times of soil organic matter in this ecosystem, it is not possible to determine the temporal aspects of this change. However, the strong presence of C3-derived roots under areas presently dominated by the C 4 plant Atriplex confertifolia suggest that this change is relatively recent and is probably still underway. These results also demonstrate that stable carbon isotope methods offer a means of studying the long term stability of plant communities.
